ABSTRACT
T
he need to identify patients with mild-to-moderate carotid artery stenosis and an increased stroke risk who might benefit from surgical treatment has shifted research interest from assessment of the degree of carotid stenosis to assessment of vulnerable plaque characteristics. 1 Vulnerable plaques are atherosclerotic plaques more prone to rupture and are associated with a higher risk for thromboembolism and ischemic stroke. 2, 3 Intraplaque hemorrhage is an important characteristic of the vulnerable plaque. 4 Prevalence of intraplaque hemorrhage has been shown to be higher in symptomatic than in asymptomatic lesions. 5 Moreover, the presence of intraplaque hemorrhage in carotid artery disease is associated with an increased risk of cerebral ischemic events. [6] [7] [8] The pathophysiologic mechanism leading to intraplaque hemorrhage is a topic of debate. However, a common viewpoint is that small leaky neovessels in the atherosclerotic plaques are a likely source of intraplaque hemorrhage. 5, 9, 10 The presence of intraplaque hemorrhage is thought to initiate several biologic processes like phagocytosis and local inflammation, leading to the release of proteolytic enzymes, deposition of free cholesterol and subsequently plaque growth, plaque destabilization, and possible plaque rupture. 5, [9] [10] [11] [12] Plaque rupture can be visible on imaging as a disruption of the atherosclerotic plaque surface (plaque ulceration and/or a fissured fibrous cap). 13, 14 A previous study reported that plaque ulceration on CTA was useful for the prediction of intraplaque hemorrhage on MR imaging in a broad group of symptomatic patients referred for carotid artery imaging. 15 Ulcerated plaques themselves are independently associated with an increased risk of ipsilateral ischemic events as well. 16, 17 The aim of the current study was to investigate the association between intraplaque hemorrhage, as assessed on MR imaging, and disruption of the plaque surface, assessed on MDCTA, in symptomatic patients with a carotid artery stenosis of Ͻ70%.
MATERIALS AND METHODS

Study Population
Patients were derived from the Plaque At RISK (PARISK) study (clinical trials.gov, NCT01208025). Details of the PARISK study are previously described. 18 The PARISK study is an ongoing prospective multicenter cohort study focusing on the identification of patients with mild-to-moderate carotid artery stenosis with an increased risk of recurrent stroke by using noninvasive plaque imaging. Eligible for inclusion are patients with a TIA, including amaurosis fugax, or minor stroke in the carotid artery territory and a mild-to-moderate stenosis (30%-69%) of the ipsilateral internal carotid artery. "TIA" was defined as an episode of temporary and focal cerebral dysfunction of vascular origin, lasting for a maximum 24 hours, leaving no persistent neurologic deficits. "Minor stroke" was defined as an episode of temporary and focal cerebral dysfunction of vascular origin, lasting for Ͼ24 hours or a nondisabling stroke with a modified Rankin Scale score of Յ3. "Amaurosis fugax" was defined as a sudden loss of vision of presumed vascular origin and confined to 1 eye. The degree of stenosis was determined with clinically obtained Doppler sonography or MDCTA. The upper cutoff value of 70% was based on the NASCET criteria. The lower cutoff value was an atherosclerotic plaque with a thickness of at least 2-3 mm, which corresponds to a European Carotid Surgery Trial (ECST) stenosis of 30%. 19 Exclusion criteria were a probable cardiac source of embolism, a clotting disorder, severe comorbidity, standard contraindications for MR imaging, a documented allergy to MR imaging or CT contrast agents, or a renal clearance of Ͻ30 mL/min. Institutional review board approval was obtained in all university hospitals, and all patients gave written informed consent. For the current analyses, we selected the first 100 included patients.
Cardiovascular Risk Factors
"Hypercholesterolemia" was defined as fasting total cholesterol of Ͼ5 mmol/L or the use of cholesterol-lowering medication at the time of the TIA or ischemic stroke. We defined "hypertension" as systolic blood pressure of Ͼ140 mm Hg or a diastolic blood pressure of Ͼ90 mm Hg during 2 episodes of at least 15 minutes of continuous noninvasive blood pressure measurement or treatment with antihypertensive medication. "Diabetes mellitus" was defined as a fasting serum glucose level of Ͼ6.9 mmol/L, 2-hour postload glucose level of Ͼ11.0 mmol/L, or the use of antidiabetic medication. We assessed smoking status at the time of the TIA or ischemic stroke and dichotomized it into current smoker or no current smoker. In addition, we recorded body mass index, the use of cardiovascular medications, and medical history.
MDCTA Data Acquisition and Analysis
We performed image acquisition by using a standardized protocol, as discussed in the study design article. 18 All MDCTA studies were evaluated by trained readers blinded to clinical data and other imaging tests. The MDCTA images were transferred to a workstation equipped with dedicated 3D analysis software (Leonardo and syngo.via; Siemens, Erlangen, Germany). The multiplanar reformatting application allowed analysis of both carotid arteries in oblique, coronal, and sagittal planes. Image quality was rated on a 3-point scale: 1) poor, defined as low contrast and major artifacts and not eligible for analysis; 2) moderate, defined as moderate artifacts and eligible for analysis; and 3) good, defined as few or no artifacts and eligible for analysis.
First, we evaluated the presence of an atherosclerotic plaque in both carotid arteries, defined as the presence of calcifications and/or thickening of the vessel wall (Նϳ1 mm). If present, disruption of the plaque surface was assessed in both arteries at the same time. "Disruption of the plaque surface," defined as the presence of plaque ulceration and/or a fissured fibrous cap, was assessed by 2 independent observers (B.H., 12 months, and A.C.v.D., 4 years of experience); discrepancies were solved by consensus and/or an experienced third observer (A.v.d.L, 10 years of experience). We defined "plaque ulceration" as an extension of contrast material of Ͼ1 mm into the atherosclerotic plaque on at least 2 orthogonal planes (Fig 1) . 13, 20 We defined "fissured fibrous cap" according to the criteria of Saba and Mallarini, 21 extension of contrast material of Ͻ1 mm into the atherosclerotic plaque and an angle of Ն230°with the lumen (Fig 2) .
Interobserver variability for the initial review was moderate ( ϭ 0.41) for the detection of disruption of the plaque surface (plaque ulceration and/or fissured fibrous cap), moderate ( ϭ 0.46) for the detection of plaque ulceration, and fair ( ϭ 0.24) for the detection of fissured fibrous cap. Moreover, the most severe stenosis in the carotid bifurcations and internal carotid arteries was measured according to the ECST and NASCET criteria, perpendicular to the central lumen line. 19, 22 A custom-made plug-in for the freely available ImageJ software (National Institutes of Health, Bethesda, Maryland) was used to quantify calcifications in both carotid arteries within 3 cm proximal and distal to the bifurcation. We used a threshold of 600 HU to differentiate calcifications from contrast material in the lumen; calcification volume was expressed in cubic millimeters. A detailed description of the measurements is provided elsewhere.
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MR Imaging Data Acquisition and Analysis
Image acquisition was performed on a 3T MR imaging system (Achieva; Philips Healthcare, Best, the Netherlands; or Discovery MR 750; GE Healthcare, Milwaukee, Wisconsin). A multisequence contrast-enhanced protocol was used; a detailed description of this protocol is provided in the study design article. 18 For this study, we used the 3D-T1W fat suppressed spoiled gradient echo sequence (GE Healthcare) or the 2D-T1W inversion recovery turbo field echo sequence (Philips Healthcare). A 3D volume of the extracranial carotid artery (GE Healthcare) or 15 transverse adjoining sections of 2 mm each covering the entire plaque (Philips Healthcare) were imaged. All MR imaging studies were evaluated by a trained reader (M.T.B.T., 4 years of experience) blinded to clinical data and other imaging tests. MR images were reviewed by using a standard DICOM viewer. Image quality was rated on a 5-point scale: 1) low SNR, limits use, arterial wall and vessel margins unidentifiable; 2) marginal SNR, arterial wall visible, with the substructure, lumen, and outer boundaries indistinct; 3) marginal SNR, wall structures identifiable with the lumen and outer boundaries partially obscured; 4) high SNR with minimal artifacts; vessel wall, lumen, and adventitial margins well-defined; and 5) high SNR without artifacts, wall architecture depicted in detail, lumen and adventitial boundary clearly defined. 24 Intraplaque hemorrhage was scored in both arteries at the same time and was defined as a hyperintense signal in the plaque compared with the adjacent sternocleidomastoid muscle (Fig 3) . 24 In 47 vessels, the presence of intraplaque hemorrhage was assessed by a second independent observer (A.C.v.D, 4 years of experience; the minimum interval between MDCTA and MR imaging scores was 8 months) to assess interobserver variability, and an excellent agreement was found ( ϭ 0.95; 95% CI, 0.86 -1.00).
Statistical Analysis
Baseline characteristics are shown for all patients; vessel characteristics are shown for all vessels and for symptomatic and contralateral vessels separately. Data are presented as mean Ϯ SD, median (25th-75th percentile), or number of patients (percentage). Differences between symptomatic and contralateral vessels were evaluated by using a 2 test for categoric data and a Student t test or Mann-Whitney U test for continuous data. For the analysis of calcification volume, we used natural log-transformed values and added 1.0 mm 3 to the nontransformed values to deal with participants with a calcification volume of zero. First, we used a 2 test to assess the association between intraplaque hemorrhage and disrupted plaque surface (ulcerated plaques and/or a fissured fibrous cap) in all vessels. We used all vessels because we assumed that the underlying pathophysiologic mechanism would be similar in symptomatic and contralateral vessels. Additionally, a logistic regression was used to further investigate the association between intraplaque hemorrhage, other plaque characteristics, and cardiovascular risk factors on the one hand and disrupted plaque surface on the other. We used a generalized estimation equation approach with an unstructured correlation matrix to adjust for the correlation between both carotid arteries in each patient. Adjustments were made for age and sex (model 1) supplemented with all variables with a P value Ͻ .10 in model 1 (model 2, included the degree of stenosis according to the ECST criteria to correct for differences in stenosis). Analyses were repeated to assess the association between intraplaque hemorrhage and ulcerated plaques alone. In addition, analyses were repeated for the symptomatic artery. The location of intraplaque hemorrhage and disrupted plaque surface was visually correlated by 2 independent observers after manual alignment of the MR imaging and MDCTA scans based on vessel geometry and the location of the plaque. Statistical analyses were performed by using STATA software (Version 13.1; StataCorp, College Station, Texas). P Ͻ .05 was considered statistically significant. 
RESULTS
Patient Characteristics
In 20 of the 100 patients, MDCTA (n ϭ 18) or MR imaging (n ϭ 2) of the carotid arteries had not been performed due to contraindications. Two patients were excluded due to inferior image quality of the MDCTA. Of the remaining 78 patients, 149 vessels could be used for the current analyses. Seven contralateral vessels were excluded from analysis due to the absence of plaque (n ϭ 5) or occlusion of the carotid artery (n ϭ 2). Baseline characteristics are shown in Table 1 . Forty-one of the 78 patients (53%) had an ischemic stroke; 37 (47%) patients had a TIA, including 7 with amaurosis fugax.
Vessel Characteristics
The median interval between the neurologic event and MDCTA was 32 days (25th to 75th percentile, 14 -56 days); the median interval between the event and MR imaging was 44 days (25th to 75th percentile, 27-62 days). Characteristics of all vessels and symptomatic and contralateral vessels separately are shown in Table 2 . The mean severity of stenosis was 51% Ϯ 17% (ECST). The prevalence of intraplaque hemorrhage in the symptomatic and contralateral vessels was 38% and 11%, respectively. Twentysix of the 149 vessels (17%) showed plaque ulceration; the prevalence in the symptomatic vessels and the contralateral vessels was 27% and 7%, respectively. In 13 of the 149 vessels (9%), a fissured fibrous cap was present; most were found in the symptomatic vessels (n ϭ 10), but the difference was not significant (P ϭ .06).
Intraplaque Hemorrhage and Disrupted Plaque Surface
In Table 3 , the association between the presence of intraplaque hemorrhage and disrupted plaque surface (ulcerated plaque and/or fissured fibrous cap) is shown. In vessels with intraplaque hemorrhage, a disrupted plaque surface was significantly more prevalent compared with vessels without intraplaque hemorrhage (45% versus 15%; P Ͻ .001). Table 4 shows the results of the multivariable logistic regression. After correction for age and sex, the presence of intraplaque hemorrhage was associated with a disrupted plaque surface (OR, 3.98; 95% CI, 1.73-9.16; P ϭ .001). Additionally, we found an association between the degree of stenosis and disrupted plaque surface (OR per 10% increase 1.42; 95% CI, 1.09 -1.84; P ϭ .009). After correction for age, sex, and all variables with P Ͻ .10, intraplaque hemorrhage was still significantly associated with disrupted plaque surface (OR, 3.13; 95% CI, 1.25-7.84; P ϭ .02). Diabetes mellitus was inversely associated with disrupted plaque surface (OR, 0.31; 95% CI, 0.11-0.94; P ϭ .04). Similar results were found when the analyses were repeated to assess the association between intraplaque hemorrhage and ulcerated plaque alone. The association between intraplaque hemorrhage and disrupted plaque surface was attenuated when the analyses were repeated in only the symptomatic arteries (Online Tables 1-3 
DISCUSSION
This study shows that intraplaque hemorrhage is associated with a disrupted plaque surface (plaque ulceration and/or fissured fibrous cap) and plaque ulceration alone. In 76% of the vessels with both intraplaque hemorrhage and a disrupted plaque surface, intraplaque hemorrhage and plaque ulceration or fissured fibrous cap shared the same location. The association between these 2 vulnerable plaque characteristics may support the notion that intraplaque hemorrhage increases the risk of plaque rupture. However, because of the cross-sectional study design, serial studies are needed to further investigate the role of intraplaque hemorrhage in plaque rupture. Some methodologic issues need to be discussed first. A strength of our prospective study is that most vessels showed a mild stenosis. Most previous studies focused on patients with a moderate or severe carotid artery stenosis. However, plaque imaging in this patient group is less relevant for clinical decisionmaking because patients with a moderate (male patients) or severe (all patients) symptomatic carotid artery stenosis are already eligible for carotid endarterectomy. 16 Moreover, the amount of calcification will probably be higher in patients with a moderate or severe carotid artery stenosis, complicating the detection of plaque surface morphology. Second, we reviewed MDCTA and MR images of all patients with a disrupted plaque surface and intraplaque hemorrhage to investigate whether the intraplaque hemorrhage and plaque disruption were at the same location.
The finding that the location was indeed similar in 76% strengthens the association between the 2 vulnerable plaque characteristics.
A limitation of our multicenter study is that we used different MDCTA and MR imaging scanners. MDCTA scanning protocols, however, were similar. We used the 3D-T1W fat suppresssed spoiled gradient echo or the 2D-T1W inversion recovery turbo field echo MR imaging sequence to detect intraplaque hemorrhage. Bitar et al 25 and Cappendijk et al 26 used sequences like ours and found a good sensitivity, specificity, and interobserver agreement for the detection of intraplaque hemorrhage in both sequences. They also found good agreement between MR imagingdepicted intraplaque hemorrhage and histologic sections. In addition, our overall prevalence of intraplaque hemorrhage of 26% is in accordance with that in the literature. 4, 5, 15 Correction for MR imaging protocol used in the multivariate model did not change our results. A second limitation is the lack of histology. We used MDCTA instead of MR imaging for the evaluation of the plaque surface, because MDCTA has been shown to have a high sensitivity and specificity for the detection of plaque ulceration and has fewer limitations such as partial volume effects and flow artifacts that mimic plaques. 27, 28 In addition, when we reviewed the MR images and MDCTA images side by side, plaque ulcerations were hardly visible on the MR images. Saba et al 27 showed a good sensitivity and specificity for the detection of plaque ulceration by using MDCTA and multiplanar reconstruction (sensitivity, 75.8%; specificity, 90.8%). We found an overall prevalence of plaque ulceration of 17%. Similar prevalence of plaque ulceration was found in other studies, ranging from 13% to 22%. 15, 20, 29, 30 Detection of the presence of a fissured fibrous cap has been studied less intensively. We found an overall prevalence of the presence of a fissured fibrous cap of 9%, in agreement with the 11% found by Saba and Mallarini. 20 Rupture of the fissured fibrous cap was significantly associated with cerebrovascular symptoms (P ϭ .003). 20 Based on the good sensitivity and specificity of MDCTA for plaque ulcerations and the good agreement between MR imaging-depicted intraplaque hemorrhage and histology, we therefore conclude that it is legitimate to use imaging techniques such as MDCTA and MR imaging to study the relationship between intraplaque hemorrhage and the disruption of the plaque surface. 25, 26 Moreover, the use of MDCTA and MR imaging provides the opportunity to investigate the relationship in a specific category of patients-that is, those with a mild-to-moderate carotid artery stenosis, patients who are treated medically and thus have no available histology. The final limitation of our study is that it is cross-sectional. Our results should therefore be confirmed in a serial study. Rupture of an atherosclerotic carotid artery plaque is an important cause of ischemic stroke. Therefore, understanding the pathophysiology of plaque rupture is very important. Infiltration of macrophages in pathologic intima thickening plays a key role in the development of atherosclerotic plaques. The combination of macrophage infiltration, apoptosis, and hypoxia-induced necrosis leads to the development of more advanced atherosclerotic plaques with a lipid-rich necrotic core. Previous studies already showed an association between lipid-rich necrotic core volumes and plaque ulceration. [29] [30] [31] In these larger plaques, hypoxia and the inflammatory response are assumed to promote neovascularization. As stated previously, the common viewpoint is that these small leaky neovessels are responsible for the occurrence of intraplaque hemorrhage and subsequently the development of an unstable rupture-prone plaque. 5, [9] [10] [11] [12] 32 Our results-if confirmed in serial studies-can support the pathophysiologic relation between intraplaque hemorrhage and disrupted plaque surface. An alternative viewpoint to explain this relationship is that repeated fissuring of the plaque and associated formation of nonocclusive luminal thrombus incorporated in the plaque could be the cause of intraplaque hemorrhage. 5 Nevertheless, observations that intraplaque hemorrhage is related to high attenuation of plaque neovessels, in the absence of plaque fissuring, supports the more common view of small leaky neovessels as the cause of intraplaque hemorrhage.
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CONCLUSIONS
We showed that intraplaque hemorrhage is associated with a disrupted plaque surface (plaque ulceration and/or fissured fibrous cap) in patients with a Ͻ70% carotid artery stenosis. Our findings suggest a strong association between these 2 vulnerable plaque characteristics. Nevertheless, because of the cross-sectional study design, additional serial studies are needed to evaluate whether intraplaque hemorrhage indeed increases the risk for plaque rupture and subsequent TIA or ischemic stroke.
